Cassiopeia A is a nearby young supernova remnant that provides a unique laboratory for the study of core-collapse supernova explosions 1 . Cassiopeia A is known to be a Type IIb supernova from the optical spectrum of its light echo 2 , but the immediate progenitor of the supernova remains uncertain 3 . Here we report results of near-infrared, high-resolution spectroscopic observations of Cassiopeia A where we detected the pristine circumstellar material of the supernova progenitor. Our observations revealed a strong emission line of iron (Fe) from a circumstellar clump that has not yet been processed by the supernova shock wave. A comprehensive analysis of the observed spectra, together with an HST image, indicates that the majority of Fe in this unprocessed circumstellar material is in the gas phase, not depleted onto dust grains as in the general interstellar medium 4 . This result is consistent with a theoretical model 5,6 of dust condensation in material that is heavily enriched with CNO-cycle products, supporting the idea that the clump originated near the He core of the progenitor 7,8 . It has been recently found that Type IIb supernovae can result from the explosion of a blue supergiant with a thin hydrogen envelope 9−11 , and our results support such a scenario for Cassiopeia A.
Cassiopeia A is a nearby young supernova remnant that provides a unique laboratory for the study of core-collapse supernova explosions 1 . Cassiopeia A is known to be a Type IIb supernova from the optical spectrum of its light echo 2 , but the immediate progenitor of the supernova remains uncertain 3 . Here we report results of near-infrared, high-resolution spectroscopic observations of Cassiopeia A where we detected the pristine circumstellar material of the supernova progenitor. Our observations revealed a strong emission line of iron (Fe) from a circumstellar clump that has not yet been processed by the supernova shock wave. A comprehensive analysis of the observed spectra, together with an HST image, indicates that the majority of Fe in this unprocessed circumstellar material is in the gas phase, not depleted onto dust grains as in the general interstellar medium 4 . This result is consistent with a theoretical model 5, 6 of dust condensation in material that is heavily enriched with CNO-cycle products, supporting the idea that the clump originated near the He core of the progenitor 7, 8 . It has been recently found that Type IIb supernovae can result from the explosion of a blue supergiant with a thin hydrogen envelope 9−11 , and our results support such a scenario for Cassiopeia A.
Core-collapse supernovae and their young remnants interact with the circumstellar material (CSM) ejected at the end of the progenitors' lifetime 12 . By studying the physical and chemical characteristics of this material, we can learn how the progenitors stripped off their envelopes and exploded, which is crucial for understanding the nature of progenitors.
Cassiopeia A (Cas A) is a young (∼ 340 yr) 13 supernova remnant (SNR) where we observe the interaction of the SNR blast wave with the CSM. Its SN type is Type IIb, indicating that the progenitor had a thin H envelope at the time of explosion 2 . The morphology and expansion rates of the Cas A SNR suggest that it is interacting with a smooth red supergiant (RSG) wind 14, 15 . The X-ray characteristics of the shocked ejecta knots and shocked ambient gas are also consistent with Cas A expanding into an RSG wind 16, 17 . On the other hand, an X-ray spectral analysis indicates that there could have been a small bubble produced by a fast tenuous wind in the post-RSG stage 16 . Hence, it is uncertain whether the Cas A SN exploded in an RSG phase with the dense slow wind extending all the way to the stellar surface or if, instead, there was a short blue phase with a faster wind just prior to the explosion 3 .
A distinct component of the CSM in Cas A is the so-called "quasi-stationary floculli (QSFs)" (Fig.  1) . These nebulosities or clumps are almost 'stationary' ( < ∼ 400 km s −1 ) and are bright in Hα and [N ii] λλ6548, 6583 emission line images 18−22 . Their optical and near-infrared (NIR) spectra indicate that QSFs are dense (3-9 × 10 4 cm −3 ) and He and N enriched 7,23−25 . QSFs are probably dense CNOprocessed circumstellar clumps that have been shocked recently by the SN blast wave 14, 26 . It was pointed out that a progenitor of 15-25 M must have lost ∼ 60% of its mass prior to the ejection of such N-rich QSFs 8 , but the evolutionary stage of the progenitor and the mass loss mechanism are uncertain. It had been suggested that QSFs are the fragments of an RSG shell formed by a fast wind in the progenitor's Wolf-Rayet phase 27 , but hydrodynamic simulations showed that QSFs are not consistent with such fragments 15 . Another suggestion was that QSFs are the clumps of an inhomogeneous RSG wind 14 , but it is not clear how the He-and N-rich clumps ejected from the bottom of H envelope can be at their current locations.
We report results of high-resolution, NIR spectroscopic observations of one of QSFs in Cas A where we detected the emission from unshocked, pristine CSM. The emission from shock-processed CSM in QSFs has been observed since the 1950s 7,18,21−25 , but the emission from the unprocessed CSM that retains the original physical and chemical conditions of the deep interior of the progenitor has never been observed. There have been observations of patchy optical emission outside the SNR that could be also an unprocessed CSM, but from the outer envelope of the progenitor ejected during the RSG phase 14, 28 . The knot (hereafter 'Knot 24' 29 ) that we observed lies near the southern radio boundary of the SNR, at the tip of a prominent arc of QSFs (Fig. 1 ), and has been visible at least since 1951 20, 21 . The observations were performed with the Immersion GRating INfrared Spectrometer (IGRINS) mounted on the 4.3m Discovery Channel Telescope (DCT) at Lowell Observatory in 2018 December.
We detected a strong [Fe ii] 1.644 µm line with a remarkable profile showing a very narrow line superposed on a very broad one ( Fig. 2a ). The broad-line component (hereafter 'BLC') has a velocity width of ∼ 200 km s −1 , indicating that it is emitted from shocked gas. The width of the narrowline component (hereafter 'NLC') is ∼ 8 km s −1 . (See Methods and Supplementary Table 1 for the line parameters.) The entire knot revealed in the NLC map extends 6 NW-SE and has a complex morphology with several clumps including 'Clump A-NLC', the largest one in the southeast (Fig. 3a) . The northwestern boundary of Clump A-NLC touches and lies immediately to the southeast of a bright emission feature in the BLC map labelled 'Clump A-BLC' (Fig. 3b ). The detailed structure of Clump A-BLC can be seen in the HST F625W image in Fig. 3c , which is dominated by the Hα and [N ii] λλ6548, 6583 lines from radiative shock. The prominent emission feature in the middle of the HST image is spatially coincident with Clump A-BLC and shows a sharp decrease of brightness towards Clump A-NLC. This morphology suggests that a strong shock (hereafter the 'NW shock') is currently propagating into Clump A from NW to SE and that Clump A-NLC is the unshocked part of the clump. We can also see faint Hα+[N ii] emission along the NE rim of Clump A-NLC, implying another, weaker, shock propagating into the clump from NE to SW. There are other emission features in the NLC and BLC maps to the northwest of Clump A, but the [Fe ii] emission is faint and the relation between the narrowand broad-line components is unclear.
We detected other [Fe ii] lines at 1.534, 1.600, and 1.677 µm and the hydrogen Brγ line toward Clump A (Fig. 2) . The electron density of Clump A-NLC inferred from the ratio of [Fe ii] lines is 1, 000 ± 700 cm −3 , which is more than an order of magnitude lower than that of the BLC (1.8 ± 0.2 × 10 4 cm −3 ; Supplementary Table 1 ). Another way to estimate the density of Clump A-NLC is to consider pressure equilibrium. Since the typical temperature of the [Fe ii]-line emitting post-shock cooling layer is T e = 7, 000 K and the ionization fraction is ∼ 0.5 (ref. 30 ), the pressure of the shocked gas becomes ≈ 3n e T e ≈ 3.8 × 10 8 cm −3 K. The ram pressure of the preshock gas should be comparable to this; the preshock density therefore would be n c = 220(v s /100 km s −1 ) −2 cm −3 . The temperature of Clump A-NLC inferred from the line widths of the Brγ (∼ 23 km s −1 ) and [Fe ii] 1.644 µm (∼ 8.5 km s −1 ) lines is T = (1.2 ± 0.5) × 10 4 K (Methods). An order of magnitude lower density in the NLC than in the shocked gas and the estimated temperature of ∼ 10 4 K, together with the morphology in Fig. 3 , indicate that Clump A-NLC is unshocked, pristine CSM photoionized by UV radiation from the NW shock propagating into the clump.
The narrow [Fe ii] 1.644 µm line detected toward Clump A-NLC is strong, with the ratio of Brγ to [Fe ii] 1.644 µm fluxes (F Brγ /F [Fe ii] 1.644 ) of 0.10 ± 0.03. This ratio is much smaller than that seen toward nebulae where Fe is believed to be heavily depleted on dust grains (e.g., 7-10 in the Orion bar 31 ), suggesting that Fe in Clump A-NLC is mostly in the gas phase. We have analyzed the observed line ratios toward Clump A using a shock model (Methods). The analysis shows that the observed ratio of the NLC to BLC [Fe ii] 1.644 µm line flux (≈ 0.12) is consistent with a shock speed of 100-125 km s −1 , which agrees with the shock speed implied by the line width of the BLC ( > ∼ 100 km s −1 ) as well as the shock speed of the NW shock front obtained by comparing the 2018 HST image to another HST image taken in 2004 March (100-150 km s −1 ; Supplementary Fig. 1 ). While the calculated F Brγ /F [Fe ii] 1.644 ratio that assumed solar abundance agrees with the observed ratio for the BLC, it is 0.6(±0.2) times the observed ratio for the NLC. The simplest interpretation, therefore, is that, in the unshocked CSM, the Fe abundance relative to H by number is 60(±20)% of solar, while, in the shocked gas, it is equal to solar, presumably because Fe locked up in dust grains is released by the shock destruction of the grains. A CSM with the majority of Fe in the gas phase is in sharp contrast to the general interstellar medium where ≤ 5% of Fe is in the gas phase 4 .
The 'non-depletion' of Fe in Knot 24 must reflect the physical and chemical conditions of the stellar material ejected from the progenitor in the pre-SN stage. The N and He overabundance in QSFs indicates that the QSFs originated from a N-rich layer at the bottom of the H envelope of an RSG ( Fig. 4) 7, 8 . Knot 24 is as N enriched as other QSFs; its [N ii] λ6583/Hα (3.0 ± 0.2) is close to the mean value for QSFs (3.3; ref. 22 ). Hence, Knot 24 might have originated with the other QSFs from the same N-rich layer. Note that QSFs are He overabundant relative to H by a factor of 4-10 (ref. 7 ), suggesting that they originated near the He core where the material is heavily enriched with CNO products as in the surface of WNL stars 7, 8 . In that thin layer, the abundances of C and O drop considerably below their solar values, while the abundances of heavier refractory elements (e.g., Mg, Si, and Fe) remain essentially the same. The composition of dust formed from such CNO-processed material would be different from that of dust formed in the outer envelope of RSG winds because neither the oxygen rich minerals of M stars nor the mixture of carbon dust and carbides as in C stars can be formed 6 . Theoretical model calculations found that the composition of dust formed in such material is dominated by solid Fe and FeSi alloys and that, as a consequence of the low probability of Fe grain formation, as much as 80-85% of Fe is left in the gas phase 5, 6, 32 . Hence, the non-depletion of Fe in Knot 24 is consistent with dust condensation in a CSM heavily enriched with CNO products.
When did the mass loss that ejected the QSFs occur and what was the evolutionary stage of the progenitor at that time? Proper motion studies of QSFs in Cas A found a systemic "expanding" motion with a characteristic time of (1.1 ± 0.2) × 10 4 yr and an expansion velocity of 180 km s −1 (when scaled to 3.4 kpc) 19, 20 . If the apparent expanding motion is partly due to shock motion (∼ 100 km s −1 ), the systemic expansion velocity could have been overestimated by a factor of ∼ 2. The corresponding radius and the surface temperature of the progenitor should be about 100 R and ∼ 10 4 K, respectively, if the progenitor mass at that stage were about 5 M (Methods). These values, together with the He and N overabundance of QSFs, imply that the immediate progenitor of Cas A SN was likely a blue supergiant (BSG) with a WNL-like surface chemical composition rather than an RSG. If the expansion velocity of QSFs is lower than 100 km s −1 , a yellow supergiant could be also possible. The optical spectrum of Cas A SN implies that the H envelope mass in the Cas A SN progenitor was comparable to that of SN 1993J (i.e., M H,env ≈ 0.1 M ; ref. 2 ). Although the SN 1993J progenitor was identified as an RSG 33 , recent theoretical and observational studies indicate that both RSG and BSG solutions for Type IIb SN progenitors can be found with M H,env ∼ 0.1 M , for which the surface abundances are similar to WNL stars 9−11 . Therefore, the scenario in which the He-and N-rich, Fe-non-depleted, QSFs originated from a BSG wind emitted from the progenitor is consistent with recent theoretical and observational findings. The formation and dynamical evolution of such dense clumps in this scenario need to be explored. tution dedicated to astrophysical research and public appreciation of astronomy and operates the DCT in partnership with Boston University, the University of Maryland, the University of Toledo, Northern Arizona University and Yale University.
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Methods
Observations and Data Reduction. We obtained a high-resolution, NIR spectral map of Knot 24 using the Immersion GRating INfrared Spectrometer (IGRINS) 36 45 , 000, corresponding to a velocity resolution of 7-8 km s −1 . The slit size is 0. 63 × 9. 3. We observed five adjacent slit positions with an offset of 0. 63 in the slit-width direction to make a spectral map of 3. 15 × 9. 3 covering the bright part of Knot 24 (Fig. 1) . The position angle was 147 • , and the total on-source integration time varied from 15 min to 50 min depending on the slit position. The seeing in K-band measured from the IGRINS slit-view camera images was 0. 5-0. 7. Between the on-source observations, sky frames were obtained at a position 6 east of the on-source position for sky subtraction and wavelength calibration. We also observed the A0V-type star HR 9019 for telluric correction and flux calibration.
Data reduction was carried out with the IGRINS Pipeline Package (PLP) 39 v2.2.0, which performs sky subtraction, flat-fielding, bad-pixel correction, aperture extraction, and wavelength calibration. The PLP provides the 2D spectra of H and K bands with the 2D variance maps given by Poisson noise combined with the standard deviation of the frame produced by subtracting the off-source (sky) frames from the on-source frames. The wavelength solution is derived by fitting OH emission lines from the sky frames and has a typical uncertainty smaller than ±0.5 km s −1 . The PLP products were additionally processed by using the Plotspec python code designed for analyzing the reduced 2D IGRINS spectra 40 . Plotspec performs telluric correction, relative flux calibration, and continuum subtraction and provides a single 2D spectrum with all orders in H-and K-bands combined. Using Plotspec, we obtained 2D position-velocity diagrams of the observed lines for each slit and a 3D datacube, which were used to generate average spectra and integrated intensity maps, respectively ( Figs. 2 and 3 ). In Fig. 3 , the NLC map was produced by subtracting a baseline over the central velocity channels from the individual spectra, and the BLC map was obtained by subtracting the NLC map from the total integrated intensity map.
Derivation of Line Parameters. We derived the [Fe ii] 1.644 µm line parameters of the NLC by fitting the observed spectra with a Gaussian profile and those of the BLC by a direct method after subtracting the narrow Gaussian component, i.e., the line flux from a direct sum, the central velocity v 0 from an intensity-weighted average, and the velocity width by dividing the line flux by the intensity at v 0 . The parameters of Clump A were derived from the spectra extracted from the boxed area in Fig. 3 . We find that Clump A contributes about 65% (62%) to the total narrow (broad) [Fe ii] 1.644 µm line flux of the entire knot. The derived line parameters are summarized in Supplementary Table 1 .
The other detected [Fe ii] lines at 1.534, 1.600, and 1.677 µm have comparable critical densities of a few 10 4 cm −3 , and their ratios to the [Fe ii] 1.644 µm line can be used as a density tracer. Since these lines are so weak that the NLC is barely visible in the individual spectra, we have added them to increase the signal-to-noise ratio. The resulting "[Fe ii] 1.534+" spectrum of the entire knot is shown in Fig. 2b in which we can clearly see both NLC and BLC. The F [Fe ii] 1.534+ /F [Fe ii] 1.644 ratios are 0.17 and 0.46 for the NLC and BLC, respectively (Supplementary Table 1 ). For Clump A, the NLC of [Fe ii] 1.534+ line is relatively weak (Fig. 2b) . For the NLC, the derived electron densities have large uncertainties, i.e., ∼ 2, 000 ± 800 cm −3 (entire knot) and ∼ 1, 000 ± 700 cm −3 (Clump A). The result is not sensitive to T e and we assumed T e = 7, 000 K.
The H Brγ line is very faint and can be seen only in Clump A ( Supplementary Fig. 2 ). In the average Brγ spectrum of Clump A (Fig. 2c) , the NLC is clearly seen with the line width significantly broader than the [Fe ii] 1.644 µm line (Fig. 2a ). The BLC also appears to be present, but the baseline fluctuation hampers an accurate measurement of the line parameters. The parameters of the Brγ line of Clump A were obtained by Gaussian fitting (for narrow line) and by the direct method (for broad line), and they are listed in Supplementary Table 2 . To derive the ratio of the Brγ line to [Fe ii] 1.644 µm line fluxes, we need to consider the difference in extinction at two wavelengths. Estimates of the H column density to Knot 24 indicate that N H = 1.4 × 10 22 cm −2 , corresponding to A V = 7.4 mag (ref. 29 ). If we use the dust opacity model of the general interstellar medium 41 , A 1.64 µm = 1.37 mag and A 2.17 µm = 0.85 mag, so that the difference in the extinction at the two wavelengths is 0.5 mag, and we divided the observed ratio by 1.6. The resulting F Brγ /F [Fe ii] 1.644 ratios are ∼ 0.1 and ∼ 0.02 for the NLC and BLC, respectively (Supplementary Table 2 ). The latter, however, has a large uncertainty due to the baseline fluctuation.
Temperature and Non-thermal Motion of Clump A. The line width (FWHM) of the narrow
Brγ line is ∼ 23 km s −1 , much greater than that (∼ 8.5 km s −1 ) of the narrow [Fe ii] 1.644 µm line ( Supplementary Tables 1 and 2 ). These widths are corrected for the instrumental broadening (∼ 8 km s −1 ). Note that the observed FWHM of the narrow [Fe ii] 1.644 µm line before the correction is 12 km s −1 , which is significantly greater than the instrumental resolution. Hence, the [Fe ii] 1.644 µm line is resolved, and its width is considerably greater than the thermal width (∼ 3 km s −1 ) expected from the width of the Brγ line, indicating that the line broadening is due to both thermal and temperatureindependent non-thermal motions. We derived the temperature and non-thermal velocity dispersion of Clump A-NLC from the velocity widths of the narrow Brγ and [Fe ii] 1.644 µm lines, assuming that the two lines originated in the regions of similar physical conditions. The observed velocity dispersions (σ obs = ∆v FWHM /2.35) are related to the thermal (σ th ) and non-thermal (σ nth ) velocity dispersions by Tables 1 and 2 ). Then, from equations (1) and (2), we obtained σ nth = 3.4±0.2 km s −1 and T = (1.2 ± 0.5) × 10 4 K.
Shock Emission Analysis. We compare the observed line flux ratios with the results from a shock model where the BLC is emitted from the shocked gas, while the NLC is emitted from the 'radiative precursor', i.e., the region in front of the shock front heated/ionized by shock radiation. We calculated the [Fe ii] 1.644 µm and Brγ line fluxes of the radiative precursor using the results in the MAPPINGS III Library of Fast Shock Models 42 . The authors provide online tables summarizing the physical structure of the precursor and shock, i.e., temperature, density, and fraction of elements in different ionization stages as a function of distance from the shock front, for a range of shock parameters. We calculated the line emissivities using these tables with updated atomic parameters and integrated the emissivities to obtain line fluxes from the precursor region.
For the atomic parameters of [Fe ii] forbidden lines, we used the effective collision strengths of ref. 43 and the radiative transition probabilities (A values) of ref. 44 . We note that the [Fe ii] 1.644 µm line fluxes in the MAPPINGS III Library can be reproduced by using the effective collision strengths and the A values of refs. 45, 46 , and they are a factor of ∼ 3 smaller than ours. The discrepancy mainly originates from the different collisional excitation rates. The [Fe ii] atomic rates are still uncertain, but the main difference between the two sets of the collisional excitation rates is that ref. 43 includes the contribution of resonances to the excitation cross sections, and they dominate the total rates for most of the forbidden transitions. In ref. 30 , we discussed recent updates. Note that the relative Fe abundance of two media, i.e., the unshocked and shocked CSM, depends only weakly on the adopted atomic parameters. Also, we adopted an Fe abundance of X (Fe/H) = 3.47 × 10 −5 in number 47 , which is 1.5 times greater than that adopted in the online table. Because of these differences in parameters, our [Fe ii] 1.644 µm line fluxes are a factor of ∼ 5 greater than those in the MAPPINGS III Library. For the Brγ line, we computed the flux of Hβ line with the on-the-spot approximation and multiplied by 0.033 to derive the flux of Brγ line, where the factor "0.033" is the ratio of the two line fluxes at T = 5, 000 K and n e < ∼ 10 3 cm −3 (ref. 48 ). The results agree with those of the library to within a few percent. Supplementary Fig. 3a shows the physical structure of the precursor of a plane-parallel shock propagating at 125 km s −1 . The preshock density is n 0 = 100 cm −3 and magnetic field strength is 0.1 µG. The abscissa is H-nucleus column density from the shock front (N H ). We see that the photoionized precursor extends to N (H) ≈ 2.6 × 10 19 cm −2 . In this precursor region, the temperature is constant at 5,500 K and H is almost fully ionized. (The H ionization fraction closely follows the Brγ line emissivity curve and is not shown.) The fraction of Fe in Fe + is 0.2 at the shock front and smoothly increases to 1 in the ambient medium. Near the shock front, Fe is mostly in Fe ++ . Also shown are the normalized emissivities of [Fe ii] 1.644 µm and Brγ lines. The two lines are both emitted from the entire precursor region, but the [Fe ii] 1.644 µm line emissivity attains a maximum further upstream because of the variation of the Fe + fraction. The structures of the precursors for other shock velocities are similar but with different spatial extents, e.g., N (H) = 1.8 × 10 19 cm −2 and 7.5 × 10 19 cm −2 for 100 km s −1 and 150 km s −1 shocks. It is worthwhile to note that, in Clump A, the distribution of the Brγ emission is slightly offset from that of Clump A-NLC in [Fe ii] 1.644 µm line ( Supplementary Fig. 2 ), which appears consistent with this difference seen in the model.
The column density of Clump A is N H ∼ 2n c R ∼ 1 × 10 19 n c,2 cm −2 where n c,2 = n c /(100 cm −3 ) and we used R = 0.016 pc. If n c = 200 cm −3 , N H ∼ 2×10 19 cm −2 and it is less than the total column density of the radiative precursor of the 125 km s −1 shock in Supplementary Fig. 3a . In order to compare the result of the shock model to our observations, therefore, the precursor needs to be truncated. The [Fe ii] 1.644 µm line flux of such a truncated precursor can be obtained by integrating the emissivity from the shock front to a given N H , i.e.,
where j 1.644 (x) is the volume emissivity of [Fe ii] 1.644 µm line at x, and x N is the distance corresponding to N H . This is the flux normal to the shock front, but since we will be comparing the flux ratios, its absolute value is not relevant. Supplementary Fig. 3b Supplementary Fig. 3c . The observed F (Brγ) narrow /F (1.644) narrow ratio (0.10 ± 0.03) is slightly larger than the ratio of the 100-125 km s −1 shock (∼ 0.06), but consistent within a factor of 2. For comparison, the observed F Brγ /F [Fe ii] 1.644 ratio of the BLC (0.02 ± 0.01) agrees with the ratio of shock emission predicted from the model, e.g., 0.017 for the 125 km s −1 shock from the result in the MAPPINGS III library. In other words, the observed F Brγ /F [Fe ii] 1.644 ratio is comparable to the ratio expected for the solar abundance material in both shocked and unshocked CSM, implying that Fe is not significantly depleted in both media. According to the shock model presented here, the Fe abundance relative to H by number in the unshocked CSM is 60(±20)% of solar. There is some additional uncertainty in this fraction associated with atomic parameters. Note that if ≤ 5% of Fe is in the gas phase as in the general interstellar medium 4 , the F (Brγ) narrow /F (1.644) narrow ratio of the precursor predicted from our shock model would be ≥ 1.2, which is an order of magnitude greater than the observed F (Brγ) narrow /F (1.644) narrow ratio. We also note that, since the relative F Brγ /F [Fe ii] 1.644 ratio in the two regions depends only weakly on the adopted [Fe ii]-line atomic parameters, the result that Fe in the unshocked CSM is not depleted more than a factor of ∼ 2 than in the shocked CSM should be robust.
Estimate of the Radius and Surface Temperature of the Cas A Progenitor. Given that the stellar wind velocity should be comparable to the escape velocity from the surface of the star (i.e., v w ≈ v esc = 2GM * /R * ), the progenitor radius can be given by
The wind velocity of 100-200 km s −1 inferred from the QSF proper motion implies R * 50-200 R , if the mass of the progenitor at the final evolutionary stage was about 5 M (ref. 17 ). The stellar evolution models 10 predict that the luminosity of a Type IIb SN progenitor of M * 5M would be about L * = 10 5 L during the final evolution. From the blackbody approximation of L * = 4πR 2 * σT 4 * , we get the surface temperature T * (0.7-1.4) × 10 4 K. This temperature range corresponds to a BSG. If the wind velocity is lower than 100 km s −1 , the temperature could fall into the range of a yellow supergiant, e.g., 4,800-7,500 K (ref. 49 ). The inferred surface temperature depends only weakly on the assumed progenitor mass. For example, for M * = 3M , we get R 30-120R , and using L 10 4.7 L (ref. 10 ), T (0.8-1.6) × 10 4 K.
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This section contains all the supplementary data (2 tables and 3 figures) supporting the analysis presented in the main paper and the Method section. 0.020(0.010) * * These are extinction-corrected flux ratios (see Methods).
Supplementary
Note-v 0 , ∆v FWHM = velocity center and velocity width; F Brγ = Brγ line flux normalized to the [Fe ii] 1.644 µm flux (= 100) of the broad line of the entire knot as in Supplementary Table 1 . The velocity width is corrected for the instrumental broadening (8.2 ± 0.9 km s −1 ). The errors are 1σ errors. 
